Sibling neurons in the embryonic central nervous system (CNS) of Drosophila can adopt distinct states as judged by gene expression and axon projection. In the NB4-2 lineage, two even-skipped (eve)-expressing sibling neuronal cells, RP2 and RP2sib, are formed in each hemineuromere. Throughout embryogenesis, only RP2, but not RP2sib, maintains eve expression. In this report, we describe a P-element induced mutation that alters the expression pattern of EVE in RP2 motoneurons in the Drosophila embryonic CNS. The mutation was mapped to a Drosophila homolog of human AF10/AF17 leukemia fusion genes (alf ), and therefore named Dalf. Like its human counterparts, Dalf encodes a zinc ®nger/leucine zipper nuclear protein that is widely expressed in embryonic and larval tissues including neurons and glia. In Dalf mutant embryos, the RP2 motoneuron no longer maintains EVE expression. The effect of the Dalf mutation on EVE expression is RP2-speci®c and does not affect other characteristics of the RP2 motoneuron. In addition to the embryonic phenotype, Dalf mutant larvae are retarded in their growth and this defect can be rescued by the ectopic expression of a Dalf transgene under the control of a neuronal GAL4 driver. This indicates a requirement for Dalf function in the nervous system for maintaining gene expression and the facilitation of normal growth. q
Introduction
In the Drosophila segmented embryonic central nervous system (CNS), ,300 distinct neurons/glia are formed in each hemineuromere (cell number estimated from Ito et al., 1995; Bossing et al., 1996) . The identity of each neuron is determined by the expression of an array of neuronal markers and its axon projection. Sibling neuronal cells are produced in the last step of neurogenesis by the division of intermediate precursors called ganglion mother cells (GMCs) . GMCs are themselves generated by successive cell divisions of progenitor cells or neuroblasts (NB; Campos-Ortega, 1993; Doe and Technau, 1993; Goodman and Doe, 1993; Jimenez and Modolell, 1993; Doe and Skeath, 1996) .
In order to search for genes that specify and/or maintain the identity of postmitotic neurons, we focused on the EVEN-SKIPPED (EVE)-expressing sibling neurons produced by the NB4-2 lineage, a well characterized sublineage in the embryonic CNS. The ®rst-born GMC from this lineage, designated GMC4-2a, divides to produce the RP2 motoneuron and a sibling cell (RP2sib). The two sibling neurons differ in gene expression and axon projections. They express different levels of the pair-rule gene eve (Frasch et al., 1987; Macdonald et al., 1986) , an important feature used extensively to differentiate between the two sibling cell types. Both RP2 and RP2sib express eve from birth; RP2 continues to express eve throughout embryogenesis, while RP2sib extinguishes eve expression (Broadus et al., 1995) . In a screen designed to identify mutations that alter the number of EVE-expressing neurons in the Drosophila embryonic CNS, we isolated a P-element induced mutation that exhibited a decreased number of RP2 motoneurons. The P-element induced mutation was mapped to the Drosophila homolog of human AF10/AF17 leukemia fusion genes (alfs) encoding zinc ®nger/leucine zipper transcription factors.
The zinc ®nger/leucine zipper ALFs are members of a large family of proteins that are found fused with the leukemia gene, all-1, as the result of chromosomal translocations associated with human acute leukemia (Cimino et al., 1991; Gu et al., 1992; Tkachuck et al., 1992) . The zinc ®nger/ leucine zipper ALFs include AF10 (Beverloo et al., 1995) , AF17 (Prasad et al., 1994) , and BRL (McCullagh et al., 1999) . They are highly similar at the levels of primary protein sequence, domain composition and expression pattern. This class of human transcription factor also includes the Caenorhabditis elegans gene, CEZF , and a protein of unknown function encoded by the gene BR140 (Thompson et al., 1994) . In all members of this novel transcription factor family, the cysteine-rich region is located in the N-terminus, whereas the leucine zipper motif is in the C-terminus. The ®rst part of the cysteine-rich region in AF10 and AF17 consists of a C4HC3 conserved putative zinc ®nger motif known as the LAP domain McCullagh et al., 1999) , PHD ®nger (Aasland et al., 1995) or TTC domain (Koken et al., 1995) . The remainder of residues in this region contains a cluster of 12 conserved cysteines and histidines. In the case of AF10 and AF17, the point of fusion with ALL-1 has been found to occur outside the cysteine-rich regions, such that these elements are lost from the critical fusion proteins . The exact role of the LAP/PHD domain in AF10 and related family members is not yet known. The zinc ®nger/leucine zipper ALFs are expressed in various tissues, including neurons and the testis, and, apart from involvement in chromosomal translocations associated with malignant transformation (Rinderle et al., 1999) , their biological function is largely unknown Saha et al., 1995) .
Here, we report that the gene encoding the Drosophila homolog of human zinc ®nger/leucine zipper ALFs, Dalf, is required for maintaining EVE expression in RP2 motoneurons. Furthermore, we ®nd that Dalf is required for normal larval development as the retarded larval growth of loss-offunction mutant animals can be rescued with a Dalf transgene expressed exclusively in the nervous system. These data suggest that Dalf function in the nervous system is essential for larval growth and for the maintenance of gene expression.
Results

Identi®cation and generation of Dalf mutant alleles
The anti-EVE antibody (Frasch et al., 1987) stains the nuclei of ,20 neurons in each of the hemineuromeres of the embryonic CNS. These EVE 1 neurons are easily identi®ed and include the EL cluster, the aCC and pCC neurons, the RP2 neuron and its sibling cell RP2sib, as well as the CQ neurons (Bossing et al., 1996; Broadus et al., 1995; Patel et al., 1989) . Using anti-EVE and anti-bGAL antibodies, we screened a collection of lethal P-element enhancer trap lines from the Bloomington stock center, focusing on mutations which affect the EVE expression pattern. One P-element line, P1280, was identi®ed due to its decreased number of RP2 neurons in the CNS. P1280 exhibited high frequencies of missing EVE 1 RP2 neurons ( Fig. 1B ; Table 1 ). The cytological position of the P-element insertion was mapped to 84B (data not shown). P1280 appears to be a hypomorphic allele, since the loss of EVE 1 RP2 phenotype in this line is not as strong as that seen in de®ciency lines (Table 1) . The molecular data also indicate that the Pelement is in the large ®fth intron of the transcription unit (see below) and may not have caused a total loss of function.
We mobilized the P-element in order to ascertain that the phenotype was due to the P-element insertion and also to obtain stronger alleles. Both viable and lethal excision lines were examined and scored. We found that the viable excision lines were reverted to a wild-type (wt) EVE pattern, i.e. no loss of the EVE 1 RP2 neuron was seen. Hence, both the lethality and EVE downregulation phenotype in RP2 can be attributed to the original P1280 insertion. Several lethal excision lines, RV10, RV32, RV72 and RV95, showed an increase in the expressivity of the EVE-loss phenotype in RP2 compared with the original P1280 insertion. RV32, RV72 and RV95 had the strongest phenotype, with up to 95% of the hemisegments containing no EVE 1 RP2 neurons in late embryos (Table 1 ). There are several de®ciencies that uncover the 84B region where P1280 insertion maps and Df (3R) Antp17 were used in this study. Homozygous RV95 embryos showed a similar expressivity (,95%) to the RV95/Df (3R) embryos and this is likely to represent a total loss of function ( Fig. 1C ; Table 1 ). These results were also con®rmed by RNAi experiments ( Fig. 1D ; Table 1 ).
In Dalf embryos, downregulation of EVE expression is speci®c to RP2 neurons
In stage 14 or older wt embryos stained with anti-EVE, the nucleus of one EVE 1 RP2 neuron/hemisegment can be seen at its characteristic position. In anti-EVE stained Dalf RV95 mutant embryos of a similar stage, many hemisegments exhibited no EVE 1 RP2 neurons (Fig. 1A) . The downregulation of EVE is gradual, starting in few RP2 cells at stage 13±14. By the end of embryogenesis, ,95% of RP2 neurons are no longer labeled with anti-EVE. The downregulation of EVE is usually a characteristic feature for the RP2sib cell. In wt embryos, RP2 and RP2sib are derived from the same progenitor, the EVE 1 GMC4-2a, at stage 11. After GMC4-2a division, the newborn RP2 and RP2sib both express EVE in their nuclei, but soon, the RP2sib starts to loose EVE expression, such that, by stage 14, the sibling cell can no longer be detected by anti-EVE staining and only the RP2 cell is labeled with EVE.
In order to determine whether the absence of EVE 1 RP2 neurons in mutant embryos is caused by physical death of the RP2 cell, we used a transgenic¯y line carrying an eve± tau±lacZ construct (Fujioka et al., 1999) . In this line, bGAL is speci®cally expressed in a small number of cells in the embryonic CNS, including RP2 neurons. We followed the developmental pro®le of the RP2 neuron in Dalf mutant embryos carrying this marker. The results showed that the RP2 cell is physically present in Dalf mutant embryos (Fig. 2B) . Next, we wanted to determine whether in Dalf embryos, the RP2 cell still acquires its normal identity by examining its axon projection to the dorsal muscle ®eld. Staining with anti-bGAL and mAbs 22C10 (Fig. 2E,F ) and 1D4 (data not shown) revealed that the axons of mutant RP2 neurons exited the CNS normally, and innervated their dorsal muscle target as in wt. Additional neuronal markers, such as ZFH-1 (Lai et al., 1991) , were also used and found unaffected in the mutant (Fig. 2D) . These results indicated that the loss of EVE expression in RP2 late in embryogenesis does not have obvious consequences on its neuronal identity as determined by the speci®c markers. The results also pointed to a speci®c requirement of Dalf for the maintenance of late EVE expression in RP2 motoneurons.
The downregulation of EVE expression in Dalf mutant embryos appears to be speci®c to RP2 neurons. The other EVE 1 neurons, such as aCC/pCC, CQs and EL cells (Bossing et al., 1996; Broadus et al., 1995; Patel et al., 1989) , are apparently normal in the mutant embryos (Figs. 1 and 2). In addition, using markers for glia, muscles, and apoptosis did not reveal any obvious phenotypes in Dalf mutants (data not shown).
In order to monitor the prolonged effect of Dalf mutations on other EVE-expressing cells, we took advantage of the fact that Dalf RV95 homozygous mutant larvae were viable for several days before dying as 1 st ±2nd instar (Fig. 3E ). EVE staining of the larval CNS in these mutant larvae revealed the loss of only one EVE 1 cell/hemisegment (Fig. 3C ,D) compared with wt larvae (Fig. 3A,B) , indicating a pheno- type possibly reminiscent of that observed in the late embryo ( Fig. 1 ).
Molecular characterization of Dalf
The P1280 insertion line was generated using an engineered P-transposon which includes sequences for the lacZ reporter gene, a plasmid origin of replication and an antibiotic resistance selectable marker (Mlodzik and Hiromi, 1991) . Genomic DNA from the 84B region¯anking the Pelement insertion was subcloned by plasmid rescue (see Section 4). With the¯anking DNA as a probe, we isolated several recombinant phages from a wt genomic library (Tamkun et al., 1992) encompassing the P1280 insertion site (Fig. 4) .
Using a series of genomic fragments as probes on Northern blot ®lters, we have identi®ed several polyadenylated RNA species (data not shown). The cDNA screens identi®ed several cDNA clones that fell into separate classes by restriction enzyme analysis. Two of the cDNA classes, 1 and 3, were fully sequenced and found to encode proteins containing zinc ®nger and leucine zipper motifs (see below). Blast sequence analysis identi®ed Dalf genomic sequences in the¯y genome project deposited under the accession numbers AC014365 and AC004266, which overlap with CG1070 from the GenSeen database and have been annotated as Alhamabra. This analysis revealed 13 exons occupying ,30 kb genomic DNA (Fig. 4) . Only exons 1±11 contain coding sequences. The GenSeen database suggests that there is a putative gene Mlm 84B in the fourth intron of Dalf. Our RNAi and rescue data indicate that Mlm 84B is an unrelated gene and does not contribute to the Dalf phenotypes (see below).
Class 1 cDNA contains exons 5±13 with an ATG translation start codon located in exon 5 and a stop codon in exon (Fig. 4) . In contrast to class 1, it lacks exons 5, and 11±13, and contains the complete sequence of exon 10. Class 3 cDNA encodes a putative protein of 1322 residues (Figs. 4 and 5 ).
To formally demonstrate that this transcription unit is associated with the phenotype, RNAi experiments were performed. Double stranded RNA was synthesized using a cDNA fragment shared by all cDNA classes (see Section 4). Injection of double stranded Dalf RNA into wt embryos induced embryos showing RP2-loss phenotypes (as assayed with anti-EVE staining) with essentially complete expressivity (98%), similar to those observed in the Dalf loss-offunction mutations ( Fig. 1D ; Table 1 ). The RNAi experiments clearly indicate that it is the disruption of Dalf that is responsible for the observed EVE 1 RP2-loss phenotype in the mutants. Moreover, since we were unable to induce any EVE-loss phenotypes before stage 13 in any neuronal cell (or in neurons other than RP2 in later stages) with RNAi, it suggests that the EVE downregulation phenotype is speci®c to the RP2 neuron, and not due to a perdurance of possible maternal component.
Dalf encodes a nuclear protein with zinc ®nger/leucine zipper motifs
DNA sequence and restriction mapping analysis of the longest cDNAs from classes 1 and 3 identi®ed the two cDNAs as having different 5 H sequences, but sharing a common 3 H region (Figs. 4 and 5) . Classes 1 and 3 ORFs encode 975aa and 1322aa proteins, respectively, which share a stretch of 632aa in their C-terminus (Fig. 5A,B ). An additional cDNA was found to encode a protein which is essentially the same as the class 3 protein, except that it contains the additional residues, RWGTRNAKK, inserted after N657 in the class 3 protein (Fig. 5A ). DALF contains several nuclear localization signals, and computer predictions have indicated that the protein could reside in the nucleus.
The N-terminal region of class 1 protein shares no homology with any known proteins in the database. In contrast, the N-terminus of class 3 protein contains a cysteine-rich region that is highly conserved in the mammalian transcription factors, AF10 and AF17 (Fig. 5C ). AF10 and AF17 are zinc ®nger/leucine zipper transcription factors that have been described as fusion partners for the acute myeloid leukemia gene, AML-1 (Prasad et al., 1994; Chaplin et al., 1995) . There is a remarkably high identity between the Drosophila DALF sequence and human AF10 and AF17 (Fig. 5C ). The ®rst 90 residues in the cysteine-rich domain are ,85% identical to those found in AF10 and AF17. This N-terminal domain of DALF contains three C 1 -X 2 -C 2 -X 13 -C 3 -X 2 -C 4 zinc ®nger motifs (Fig. 5A) , and an overlapping consensus LAP motif, C (Fig. 5C ). The DALF proteins contain a Cterminal leucine zipper dimerization motif that is also a conserved feature of this class of zinc ®nger/leucine zipper transcription factors (Fig. 5A) . The DALF zinc ®nger and leucine-zipper domains are conserved in sequence and position. Interestingly, DALF has one LXXLL motif (Fig. 5A ) which could potentially bind nuclear receptors (Heery et al., 1997) . This motif is found in both class 1 and 3 proteins. The predicted bipartite nuclear localization signal (BP) in the C1 isoform is shown in green. The shared sequence domain (SD) between P1 and P3 protein isoforms is in yellow. X, Xho1; S, Sal1; E, EcoR1.
Dalf is widely expressed during embryogenesis
RNA in situ experiments showed Dalf expression early in embryogenesis in stripes that coincide with, but are wider than EVE stripes (Fig. 6B) . The staining becomes speci®-cally enriched in the CNS in mid and late embryogenesis (Fig. 6C,D) . In contrast, the enhancer trap line, P1280, showed only weak bGAL expression in the CNS late in embryogenesis (Fig. 6F) . We raised antisera against a fusion protein containing sequences shared by all DALF protein isoforms (see Section 4). This mouse polyclonal antibody speci®cally recognizes the DALF protein, as is evident from the lack of staining in mutant Dalf RV95 embryos (Fig. 7D) . At early stages of embryonic development (at stages 5±7), DALF is not detected where its RNA is expressed, and later (at stages 14±17), the protein expression is in a broader region than its RNA (Figs. 6 and 7) . The minor differences in the distribution patterns of RNA and protein may be due to the sensitivities of RNA and antibody staining and to the translation regulation of the DALF protein. The DALF protein is ubiquitously expressed in mid to late embryogenesis and is detected in all nuclei until the end of embryogenesis (Figs. 6 and 7); its nuclear localization is consistent with its homology to the cysteine/leucine zipper class of transcription factors that are putative nuclear proteins. Moreover, staining of larval salivary gland nuclei showed that the DALF protein is associated with chromosomal DNA bands (data not shown).
There is a correlation between the relatively late expression pattern of DALF in the segmented CNS and its late EVE 1 RP2-loss phenotype in the mutant embryo. DALF is not expressed early and is therefore unlikely to be involved in the early steps in the speci®cations of NB4-2, GMC4-2a, and newborn RP2 and RP2sib cells. It is only detected at late stage 13, when RP2sib has extinguished EVE expression and only RP2 remains EVE 1 in the GMC4-2a sublineage. DALF is coexpressed with EVE in RP2 from this stage onwards (Fig. 7C ) and seems to be required for the maintenance of EVE expression in RP2 neurons. EVE expression in the RP2 neuron cannot be maintained in the absence of DALF, as is evident in Dalf mutant embryos. DALF is also widely expressed in larval tissues, including the nervous system and ring gland (Fig. 7G,L) .
Dalf function is required in the nervous system for larval development
The development of Dalf RV95 mutants is retarded at the 1st±2nd instar larval stage without any visible tumor growth (Fig. 3E) . They live for several days, remain small and do not molt to the 3rd instar larval stage. Insect molting (Ashburner et al., 1974) occurs in response to the periodic release of the steroid hormone, ecdysone (EC), which, in Drosophila, is synthesized and secreted by the ring gland in response to stimulation by certain neuropeptide hormones (Gilbert et al., 1988; Zitnan et al., 1993; Riddiford, 1994) . The observation of molting defects in Dalf mutants, coupled with expression of the gene in the larval ring gland (Fig.  7G) , led us to examine the effect of Dalf mutations on EC levels. In mutants affecting EC release, the molting phenotype was partially rescued by feeding larvae with EC (Venkatesh and Hasan, 1997) . However, feeding mutant Dalf larvae with EC did not rescue the molting defect, suggesting that this phenotype is not caused by defects in EC release. Furthermore, the Dalf mutation had no effect on the levels of expression of EC receptors as measured by Western blots of mutant and wt 1st instar larvae (data not shown).
In order to determine whether the growth defects in Dalf mutants are due to neuronal malfunctions or a requirement for Dalf in other tissues, we attempted to rescue larval lethality with a Dalf transgene under a neuronal-speci®c elav-GAL4 driver. The Dalf transgene construct was made with a class 3 cDNA, which contains both the N-terminal cysteinerich and the C-terminal leucine zipper motifs. In this experiment, the neuronal-speci®c expression of Dalf rescued the larval lethality phenotype. Adult¯ies of the genotype elav-GAL4/1; Dalf RV95
/Dalf
RV95 -UAS-Dalf were now viable and healthy without showing any obvious phenotypes. However, the rescued¯ies showed reduced fertility. Our results indicated that, in addition to its involvement in maintaining EVE expression in RP2 motoneurons in the embryonic CNS, neuronal expression of Dalf also plays an essential role in larval growth.
Discussion
We have cloned and characterized a Drosophila zinc ®nger/leucine zipper nuclear factor that is highly homologous to a class of transcritpion factor genes associated with human leukemia. Dalf is required for maintaining EVE expression in RP2 motoneurons in the embryonic CNS; moreover, its expression in neurons is speci®cally required for the progression of animals through larval development and for viability.
DALF sequence motifs and functions
The deduced DALF protein sequence shares a number of interesting motifs with its human ALF homologs. They all have a common structure composed of an N-terminal cysteine-rich region, also known as LAP ®nger, and a Cterminal leucine zipper motif. There is currently little experimental data on the functional role of the LAP/PHD domain. Fusion constructs of Drosophila TRX containing the LAP/PHD domain were used to demonstrate that this region could bind zinc more strongly than other cysteinerich regions within this protein (Mazo et al., 1990) . The LAP/PHD-containing N-terminus of the plant protein, HAT3.1, can bind non-speci®cally in vitro to any fragment of DNA greater than 100 bp (Schindler et al., 1993) . Regulatory proteins, such as those in the trithorax and polycomb group, have the capacity to modify the chromatin structure, and it has been suggested that the LAP/PHD domain may be instrumental in this interaction (Aasland et al., 1995) . Although the exact role of the LAP/PHD domain in AF10 and related family members is not yet known, the PHD/LAP ®ngers of a protein known as AIRE have been shown to be necessary for correct nuclear localization (Rinderle et al., 1999) . The LAP ®ngers are also present in the murine Requiem gene, which is thought to encode a transcription factor essential for the apoptosis response in myeloid cells (Gabig et al., 1994) . It has been suggested that the disruption of the LAP motif in the requiem gene could result in clonal immortality, as a consequence of failure of programmed cell death, and manifests clinically as leukemia. In leukemiaassociated translocations involving MLL, AF10 and AF17, the usual loss of the cysteine-rich region has led to the suggestion that these regions are perhaps important to the transcriptional regulation of myeloid cells , and that their loss or disruption is critical to malignant transformation in hematopoietic cells.
The leucine zipper dimerization motif found in the DALF protein is also a conserved feature of this class of zinc ®nger/leucine zipper transcription factors. This motif can be involved in the assembly of nuclear factor complexes. Leucine-zipper domains, for instance, have been shown to mediate the dimerization of nuclear factors, such as jun, fos and CREB, through a heptad repeat of leucine residues (Landschulz et al., 1988) . Similarly, and by having both motifs, DALF could play regulatory functions by potentially binding DNA and dimerizing with other regulatory factors.
Dalf and eve regulation
The Dalf embryonic expression pattern suggests possible widespread defects in mutant embryos. To address this issue, we employed a collection of neuronal/glia markers (22c10, anti-ELAV, BP102, 1D4, anti-REPO), and the muscle marker, anti-MHC, but failed to identify any obvious gross abnormalities in the mutant embryo.
The effect of Dalf mutation on EVE expression is RP2-speci®c. Removal of Dalf does not affect other markers normally expressed by RP2, nor does it affect EVE expression in other EVE-expressing neurons. In RP2, Dalf is not required for the onset of EVE expression, but is necessary for its maintenance in later embryonic development. This phenotype largely resembles the effect of removing 3 H -UTR sequences of eve (Fujioka et al., 1999) . The neural expression of eve in GMC4-2a and 1-1a, and neurons derived from them (RP2, aCC/pCC), has been attributed to a single 3 H regulatory element (RP2 1 aCC/pCC element). However, unlike endogenous EVE, the expression under the RP2 1 aCC/pCC element at stage 15 was quite severely reduced relative to the earlier stage. It was found that the 3 H -UTR of eve that is not included in the RP2 1 aCC/pCC element construct is responsible for the maintenance of EVE expression in later stages. Since the 3 H -UTR causes no change in mRNA levels, it was suggested that the mechanism would seem to involve translational control.
DALF has the potential, through its putative DNA binding and protein dimerization motifs, to in¯uence eve expression. Furthermore, the LAP domain of DALF can bind the eve regulatory region in vitro (unpublished data). Whether the in vivo Dalf effect on eve is mediated through the 3 H -UTR or other eve sequences, or whether its effect is on the transcriptional or translational level, remains to be identi®ed. In addition, since DALF is ubiquitously expressed, but its effect on EVE expression is speci®c to RP2, it seems likely that DALF may function in collaboration with other factors that are speci®c to this neuron.
It is only in late embryonic development that the Dalf mutation causes EVE loss in RP2, which did not affect the axonal projection of RP2 to its target dorsal muscle. This is not surprising since similar results have been reported using a temperature-sensitive allele of eve (Landgraf et al., 1999) . This study showed that EVE function is only required in motoneurons (but not their targets) prior to or during the early phase of ISN formation so that their axons can grow dorsally to reach the target muscle. The later removal of eve function rarely affects formation of the ISN and axonal projections.
Dalf and growth-related nervous system functions
Dalf mutants have retarded growth and do not molt, a phenotype commonly seen in several mutations, including those affecting the EC pathway. However, the failure to rescue the molting of mutant larvae with EC argues against an upstream involvement of Dalf in this hormonal pathway. Evidence from the rescue experiment indicates that Dalf is speci®cally required in neuronal tissues for normal growth to occur. In this regard, most neurons are known to express the hormone receptors and require their activity for development and maturation (Robinow et al., 1993 (Robinow et al., , 1997 Thummel, 1996; Mangelsdorf et al., 1995; Schubiger and Truman, 2000; Calza et al., 1997; Truman et al., 1994) . Furthermore, DALF is ubiquitously expressed in the nervous system and it contains a putative motif with nuclear receptor binding potential. Therefore, based on its expression pattern, protein structure and mutant phenotype, it is possible for Dalf to function as a downstream co-regulator/effector in the hormonal pathway in neurons. Alternatively, Dalf could be involved in hormone-independent regulatory pathways that lead to functional neurons.
The retarded growth of Dalf homozygotes suggests that Dalf may modulate cell proliferation. However, DALF expression in the embryo is mainly found in differentiated tissues, and the overexpression of Dalf in a wide range of cells and organs during embryogenesis and larval stages showed no obvious defects (unpublished data). For example, as judged by staining for EVE, no neuronal aberrations were seen in late transgenic embryos overexpressing full length DALF or its cysteine-rich N-terminal domain only. Moreover, the transgenic animals were viable and normal under these conditions. These results suggest that Dalf cannot generally override normal growth control mechanisms, and it may rather indirectly in¯uence cell proliferation through a neuronal-dependent mechanism.
The work presented here describes in vivo functions for the Drosophila homolog of an important family of zinc ®nger/leucine zipper leukemia proteins. It shows that the Dalf gene is essential for neuronal EVE regulation and growth-related functions of the larval nervous system in Drosophila.
Experimental procedures
4.1. Fly stocks and mutagenesis P1280 was mobilized by using the immobile element P(ry 1 D 2 2 3)(99B) as a transposase source (Robertson et al., 1988) . Single jump starter males of the genotype P1280/P(ry 1 D2 2 3)(99B) were crossed to 3rd chromosome balancer females. From each cross, one w-male was selected and crossed to 3rd chromosome balancer¯ies. All lethal excision lines were analyzed using anti-EVE staining.
For RNAi experiments (Kennerdell and Carthew, 1998; Misquitta and Paterson, 1999) , sense and antisense transcripts were synthesized from a 1.2 kb BamH1/Cla1 Dalf cDNA fragment in a Bluescript SK(1) vector, using T7 or T3 RNA polymerase. The P1280 line was obtained from the Bloomington collection. De®ciencies that uncover the 84B region, where the P1280 insertion maps, were obtained from the Bloomington stock centre. Df(3R) Antp17 was used in this study.
Isolation of Dalf genomic cDNA clones
Total genomic DNA was prepared from the P1280 insertion line. Subcloning of the genomic DNA¯anking the Pelement was performed using standard plasmid-rescue techniques. The subcloned¯anking DNA was used as a probe to screen an EMBL3 wt genomic library (Tamkun et al., 1992) , and various cloned genomic fragments were subsequently used to screen plasmid (Brown and Kafatos, 1988) and lambda gt11 embryonic cDNA libraries. The cDNA clones were mapped with restriction enzymes and then used as probes in Northern hybridization and RNA in situ experiments.
Both strands of the cDNA clones were sequenced using universal M13 and gene-speci®c primers. The BLAST computer program was used to search the non-redundant GenBank, PDB and SwissProt databases for sequence homology.
RNA in situ and immunostaining of embryos
For RNA in situ, RNA probes were prepared using the Dig RNA labeling kit as described by the supplier (Bohringer, Mannheim). Whole-mount Drosophila embryos were collected, ®xed and hybridized to the probe as described by Tear et al. (1996) . The anti-DALF antibody was raised in mice using a GST fusion protein (aa885±aa1226 in class 3 protein) as the antigen. Following the incubation of ®xed embryos with the primary antibody and the horseradish peroxidase (HRP)-anti-mouse antibody, a modi®ed HRP immunocytochemical method was used (Hsu et al., 1988) . The speci®city of the sera used was con®rmed by showing a complete lack of staining in control animals carrying either a de®ciency that uncovers Dalf, (Df(3R) Antp17), or a Dalf excision allele, Dalf RV95 . The staging of embryos was according to Campos-Ortega and Hartenstein (1985) . Photographs were taken using DIC optics with a Zeiss Axiophot microscope. For immuno¯uor-escence, FITC-and Texas Red-conjugated anti-mouse or anti-rabbit antibodies were used. Lethal Dalf alleles were balanced over`blue balancer' or`GFP balancer', and homozygous mutant embryos were identi®ed by the absence of bGAL or GFP expression. Confocal microscopy was done on a Biorad MRC 600 or MRC 1024, using Adobe Photoshop for image processing.
